INTRODUCTION {#S1}
============

Langerhans cells (LCs) are positioned at the outermost surface of the body, where they extend long dendritic processes through intercellular spaces between adjacent keratinocytes. Moreover, LCs isolated from the skin and/or LC-like dendritic cell (DC) cultures exhibit potent T cell-stimulatory activities. Based on these features (i.e., location, morphology, and *in vitro* function), LCs are generally believed to serve as the primary antigen presenting cells in the skin ([@R23]; [@R14]; [@R16]). On the other hand, LC depletion studies with genetically engineered mouse lines expressing diphtheria toxin (DT) or high affinity DT receptor (DTR) in a LC-targeted fashion ([@R1]; [@R11]; [@R9]) did not necessarily support the above concept because they showed opposing effects on allergic contact hypersensitivity responses, depending upon the mouse lines, timing of LC removal, and skin sensitization protocols ([@R10]). LC-depleted mice even showed markedly reduced incidence of skin cancer development in two-stage chemical carcinogenesis experiments ([@R24]). Thus, *in vivo* functions of LCs still remain ambiguous.

Recent advances in mouse genetic engineering and intravital confocal imaging have enabled direct visualization of LC behaviors in living animals. Working with the I-Aβ-EGFP knock-in mice, in which the endogenous MHC class II I-Aβ chain is replaced by an EGFP-tagged version ([@R3]), we recorded four-dimensional (4D) behaviors of EGFP^+^ LCs in ear skin ([@R18]). Under the steady state, EGFP^+^ LCs exhibited a unique motile activity, termed the dendrite surveillance extension and retraction cycling habitude (dSEARCH), characterized by rhythmic extension and retraction of their dendrites. Not only did local skin inflammation augment the dSEARCH movement of dendrites, it also triggered amoeba-like lateral displacement of cell bodies within the epidermal compartment. With regard to underlying mechanisms, two pro-inflammatory cytokines, i.e., IL-1 and TNFα, were found to be required and sufficient for exacerbating both forms of motile activities of LCs ([@R17]). Although our observations have uncovered unique LC responses to inflammatory stimuli, this imaging protocol (which requires genetic engineering) is not applicable to human. Nor do the recorded images represent any functional parameter of LCs. Our primary purpose was, therefore, to overcome these limitations of the currently available intravital LC imaging protocol.

LCs freshly isolated from mouse skin have been shown to internalize a variety of particles, including latex beads, bacteria, yeast, and parasites ([@R19]; [@R2]). Strikingly, *in vivo* endocytotic activities of human LCs were reported more than four decades ago. Electron microscopic analyses of human skin samples revealed Birbeck granule-containing LCs that had engulfed melanosomes ([@R15]). The abilities of LCs to ingest and degrade exogenous molecules were demonstrated by injecting horseradish peroxidase locally into healthy volunteers ([@R30]). Therefore, we hypothesized that one might be able to visualize the endocytotic activity of LCs *in situ* by injecting FITC-conjugated dextran (DX) into the skin of wild-type mice.

RESULTS AND DISCUSSION {#S2}
======================

Fate of FITC-DX probes after local injection into mouse skin {#S3}
------------------------------------------------------------

We injected FITC-DX probes with the molecular size of 70 kDa subcutaneously (s.c.) into the ear skin of anesthetized wild-type BALB/c mice. Immediately after DX administration, we placed the mice under confocal microscopy to record a series of Z-axis scanning images of the injection site. Compiled Z-axis images are shown in [Figure 1a](#F1){ref-type="fig"}, in which the outermost surface of *Stratum corneum* is labeled as 0 μm depth. We considered the vertical space up to 20 μm from the surface to represent the epidermal compartment, based on the z-axis location of collagen bundles detectable by second harmonic signals ([@R29]). An actual 1 μm series of scanning images can be seen in [Supplementary Movie S1](#SD1){ref-type="supplementary-material"}. When examined immediately after administration, the entire injection site (except hair shafts and hair follicles) was filled with strong FITC fluorescence signals.

The robust FITC fluorescence signals disappeared from the injection site at 12--24 hours, reflecting lymphatic drainage of the unbound probes ([@R4]). At the same time, large numbers of FITC^+^ cells that had incorporated the DX probes became detectable within the epidermal compartment underneath the honeycomb-shaped corneocyte layer ([Figure 1b](#F1){ref-type="fig"} and [Movies S2](#SD2){ref-type="supplementary-material"} and [S3](#SD3){ref-type="supplementary-material"}). The dermal compartment (from 20 to 40 μm in depth) also contained FITC^+^ cells, which were much larger in size compared to the FITC^+^ cells found in the epidermis. Numbers and fluorescence intensities of these FITC^+^ cells remained relatively unchanged until 48 hours after injection ([Figure 1c](#F1){ref-type="fig"} and [Movie S4](#SD4){ref-type="supplementary-material"}). Although fluorescence signals began to decline thereafter, FITC^+^ cells remained visible up to 144 hours after injection (data not shown). These observations indicated that locally injected DX probes were captured preferentially by certain populations in the epidermal and dermal compartments, while non-captured probes were drained rapidly from the skin.

Identity of the epidermal cells that have incorporated FITC-DX probes {#S4}
---------------------------------------------------------------------

The key question concerned the identity of those cells that had captured the FITC-DX probes. Because our primary purpose was to study the *in vivo* endocytotic potential of LCs, we focused our efforts on the FITC^+^ cells in the epidermal compartment. Epidermal sheets prepared from ear skin 24 hours after FITC-DX injection were stained with Alexa Fluor 546 (AF~546~)-conjugated monoclonal antibody (mAb) against Langerin, which is a LC-specific C-type lectin associated with Birbeck granule formation ([@R28]). Most (\>90%) of the FITC^+^ epidermal cells expressed Langerin ([Figure 2a](#F2){ref-type="fig"}). Conversely, FITC fluorescence signals were detected in more than 95% of Langerin^+^ epidermal cells. Moreover, most of the FITC^+^ epidermal cells also expressed MHC class II molecules ([Figure 2b](#F2){ref-type="fig"}). Thus, we have concluded that DX probes are captured primarily by LCs in the epidermis.

Topical application of FITC has been shown to induce rapid migration of LCs from the epidermis to draining lymph nodes (LNs) with a peak at 18-24 hours ([@R13]; [@R26]). However, local injection of FITC-DX did not induce significant LC migration as assessed by counting the epidermal density of LCs ([Figure S1](#SD9){ref-type="supplementary-material"}) or the number of FITC^+^ cells expressing a LC marker EpCAM ([@R24]) in the draining LNs ([Figure S2](#SD9){ref-type="supplementary-material"}). Concerning the explanation for this discordance, it is conceivable that chemical reactivity of FITC towards nucleophiles was diminished or lost after DX conjugation.

All the images shown thus far were recorded after injecting the 70 kDa FITC-DX formulation. In an attempt to improve the resolution, we next tested FITC probes conjugated to DX polymers of different sizes ([Figure S3](#SD9){ref-type="supplementary-material"}). The FITC probe without DX was quickly drained without leaving detectable cell-associated signals. FITC-DX probes of 4 kDa and 20 kDa unveiled only faint and few images of epidermal cells. Clear images of epidermal cells were obtained after injection of a FITC-DX probe of 150 kDa (and a 70 kDa DX probe labeled with a red fluorescent tag, AF~546~). Interestingly, FITC-ovalbumin (OVA) probes showed clear accumulation in dermal cells, but not in epidermal cells ([Figure S4a](#SD9){ref-type="supplementary-material"} and [Movie S5](#SD5){ref-type="supplementary-material"}). By contrast, epidermal cells and dermal cells both accumulated FITC-mannan probes, although the resolution of the resulting images was rather limited ([Figure S4b](#SD9){ref-type="supplementary-material"} and [Movie S6](#SD6){ref-type="supplementary-material"}). It should be stated that our observations do not necessarily imply that LCs selectively take up polysaccharide polymers, because protein probes may be degraded more rapidly than polysaccharide probes in LCs. Based on these observations, we chose the 70kDa DX probes for the subsequent imaging experiments.

Dual-color, intravital 4D imaging of DX endocytosis by LCs {#S5}
----------------------------------------------------------

In immunofluorescence staining of the fixed skin samples, FITC-DX signals appeared to be associated with immunoreactivity with anti-MHC II mAb ([Figure 2c](#F2){ref-type="fig"}). If so, it would imply further that the DX probes are delivered to the MHC class II compartments (MIICs), i.e., late-endosomal and lysosomal organelles where antigen processing and peptide loading are known to take place ([@R27]). To test this directly, we injected the AF~546~-labeled DX probe to the skin of I-Aβ-EGFP knock-in mice. Dual-color intravital imaging experiments showed close association of most DX probes with MHC II molecules ([Figures 3a and 3b](#F3){ref-type="fig"}). Co-localization of the two molecules was further confirmed by rotating the 3D images ([Movie S7](#SD7){ref-type="supplementary-material"}). By contrast, AF~546~-DX probes injected into Langerin-EGFP-DTR mice ([@R1]) showed no significant association with Langerin molecules ([Figure 3c and 3d](#F3){ref-type="fig"} and [Movie S8](#SD8){ref-type="supplementary-material"}). Thus, it appears reasonable to propose that the internalized DX probes are preferentially delivered into MIICs in LCs.

Concluding Remarks {#S6}
------------------

Working with *in vitro* generated DC cultures, [@R21] demonstrated the intrinsic abilities of DCs to capture FITC-DX probes in a macrophage mannose receptor (MMR)-dependent manner and to concentrate them in the MIICs. Moreover, LCs freshly isolated from human skin showed significant binding of FITC-DX ([@R6]). We now expand those observations by showing the *in vivo* ability of LCs to capture FITC-DX in living animals. Of many C-type lectins expressed by DCs ([@R7]), MMR exhibits extremely high avidities to both mannose and fucose motifs ([@R12]), thereby mediating efficient uptake of microbial pathogens and allergens ([@R20]). Glycosylated antigens incorporated *via* MMR can be delivered not only to MIICs, but also to early endosomes for cross-presentation to CD8 T cells ([@R5]). By contrast, Langerin recognizes many carbohydrate moieties including mannose ([@R22]; [@R25]) and it has been shown to mediate LC uptake of non-peptide microbial antigens for CD1a-restricted presentation to CD4/CD8 double-negative T cells ([@R8]). Our observations support that MMR, Langerin, and perhaps other C-type lectins facilitate efficient antigen sampling by LCs *in situ*.

The intravital imaging approach developed in this study has allowed real-time monitoring of endocytotic function of LCs. This simple method, which does not require genetic engineering of test subjects, may be applicable to human. In fact, the lymphatic drainage function was successfully monitored in lymphoedema patients after s.c. injection of the same FITC-DX probe ([@R4]). Thus, it is tempting to speculate that a similar imaging approach can be used to study the behavior and function of epidermal LCs in human.

MATERIALS AND METHODS {#S7}
=====================

Animals {#S8}
-------

Langerin-EGFP-DTR-knock-in mice ([@R1]), I-Aβ-EGFP knock-in mice ([@R3]), and BALB/c mice were used in this study. All animal experiments were approved by the Institutional Animal Care and Use Committee at University of Toledo College of Medicine and were conducted according to guidelines of the National Institutes of Health (NIH).

Intravital confocal imaging {#S9}
---------------------------

To reduce auto-fluorescence signals associated with hair follicles, the ear skin was treated with Nair Hair Remover (Church & Dwight) at least 3 days prior to DX injection. Anesthetized mice received s.c. injection of 20 μL of 10 mg/mL FITC-DX or AF~546~-DX (Sigma-Aldrich) into the ear using a 31G needle. We recorded images only in the center of the ear to avoid the needle insertion site, i.e., tip of the ear. The FITC-DX probes with 4, 20, 70, and 150 kDa had FITC modification at various levels from 0.002 to 0.02 mol FITC per mol glucose. FITC-conjugated mannan and OVA probes were also injected in some experiments. Intravital confocal images were recorded and processed as described before ([@R18]; [@R17]); the protocols are described briefly in [Supplementary Materials and Methods](#SD9){ref-type="supplementary-material"}.
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======================
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![Direct visualization of macromolecule endocytosis by epidermal LCs\
Anesthetized wild-type BALB/c mice received s.c. injection of 70 kDa FITC-DX probes into ear skin. At 0 (panel a), 24 (b), and 48 hours (c) after the injection, the mice were placed under a confocal microscope to record FITC fluorescence signals in the ear skin. Data shown are compiled x-y plane fluorescence images in the indicated z-axis depth ranges from the skin surface, i.e., *Stratum corneum*. Scale bar: 200 μm.](nihms333616f1){#F1}

![Identity of the epidermal cells that have incorporated FITC-DX probes\
BALB/c mice received s.c. injection of 70 kDa FITC-DX probes into ear skin. At 36 hours after the injection, the ear samples were harvested for immunofluorescence staining of the EDTA- separated epidermal sheets with AF~546~-conjugated mAb against Langerin (panel a) or against MHC class II molecules (panels b and c). Scale bar: 50 μm.](nihms333616f2){#F2}

![Association of internalized DX probes with MHC II molecules in LCs\
I-Aβ-EGFP knock-in mice (a and b) and Langerin-EGFP-DTR knock-in mice (c and d) received s.c. injection of 70 kDa AF~546~-DX probes into the ear skin. At 32 hours, the mice were examined under a confocal microscope. Data shown are compiled x-y plane images within the epidermal component (i.e., 0-19 μm z-axis depth range from the skin surface). Scale bar: 50 μm.](nihms333616f3){#F3}
